Although the blind spot encodes no visual information, one never perceives an odd blob or blank there, but sees a complete scene of the world even when viewing monocularly. This phenomenon called "filling-in" might be related to mechanisms essential to surface perception, but the neural representation has still been unclear. To determine at what stage the computation for filling-in is established in the visual system, whether prolonged observation of a filled-in motion including the blind spot of one eye could cause motion aftereffect at the corresponding visual field of the other eye was examined. The result was positiv+interocular transfer of motion aftereffect was obtained at the tested eye. This finding suggests the possibility that real motion and filled-in motion share a common motion pathway in an early stage in the human visual system.
INTRODUCTION
The blind spot encodes no visual information due to the lack of photoreceptors in the corresponding part of the retina. Nevertheless, perceived visual scene is quite natural even when viewing monocularly; the region of the blind spot is seen to be filled uniformly with the same visual attributes as in the surrounding visual field. The question is whether the neural firing pattern relating to filling-in is isomorphistic-are there retinotopic and elementary neural correlates of perceived attributes of filled-in surfaces? There are at least two major standpoints (cf. Todorovic, 1987) : some researchers argue that the process for filling-in is located in lower stages like the area 17 (Fiorani, Rosa, Gattass & Rocha-Miranda, 1992; Gilbert, 1993) , forming explicit representation (Paradiso & Nakayama, 1991; Ramachandran & Gregory, 1991; Ramachandran, Gregory & Aiken, 1993) . Others state that filling-in requires some higherorder, possibly cognitive, processes (Cumming & Friend, 1980; Kawabata, 1983) .
Adaptation paradigm, a useful psychophysical tool to determine whether a specific mechanism is implemented in the visual system (Blakemore & Campbell, 1969) , may shed light on the controversy on the mechanism of filling-in. Motion adaptation experiment at the blind spot is particularly suited for this purpose. Motion aftereffect (MAE) following adaptation to a moving stimulus is vigorous relative to other aftereffects; a strong impression of inverse motion is obtained for a stationary test stimulus. Since MAE is known to be almost preattentive and retinotopically confined to the visual field adapted (Wohlgemuth, 1911) , it would be the evidence for lower-order, retinotopic representation of filling-in if MAE occurs after prolonged observation of filled-in motion. In addition to the above characteristics, MAE substantially (though not perfectly) gives rise to interocular transfer, indicating the adaptation in a binocular processing stage (Barlow & Brindley, 1963) . The last characteristic is helpful in testing the inside of the blind spot after adaptation to filled-in motion because the test stimulus presented inside the region of the blind spot is visible only with the opposite eye.
The present study examined whether or not MAE occurs well inside the blind spot after prolonged observation of perceptually filled-in motion at the blind spot. Note that the blind spot is not directly stimulated by a moving stimulus, although filled-in motion is perceived there.
METHODS
The adapting stimulus was large enough to cover the blind spot, whereas the test stimulus was confined well inside the blind spot. The region of the blind spot of the right eye (RE) was used consistently. Hence the stimulus to test MAE had to be presented to the left eye (LE) so as to be visible.
Four stimulus conditions were prepared (see Table 1 ): the adapting stimulus was either a disk covering the border of the blind spot of the RE or an annulus whose inner circle was inside the blind spot; the adapted eye was either the RE or the LE. One of these conditions (the lower-right cell of Table 1 ) is schematized in the top row of Fig. 1 . In the adaptation period a grating drifted in the disk or the annulus. In the test period a test grating was presented to the LE only, inside the LE counterpart of the RE blind spot (as is shown in the bottom row of Fig. 1 ). The velocity of the test grating to cancel MAE was measured.
In control conditions the same stimuli as described above were presented in the superior visual field (normal for both eyes), at the same eccentricity as the blind spot. For these conditions all stimuli were rotated around the fixation point, by the amount of 90 deg counterclockwise from the above conditions. Otherwise the methods were identical, so the following description concentrates on those conditions in which the stimulus was presented at the region of the blind spot.
Subjects
Two naive observers (YK and IU) and the author (IM) participated. All had corrected-to-normal vision.
Equipment
The experiment was done in a darkened room. The stimulus was presented on a CRT monitor (Hitachi 21 in. color display CM2187MU; 1024 x 768 address-
In the adaptation period, an annulus was presented at the region of the RE blind spot (shown as the dashed circle). In the annulus (the striped area), a red horizontal sinusoidal grating drifted vertically. The background and the inside of the inner circle were red of mean luminance. In the tesi period, a disk was presented to the LE inside the region of the RE blind spot. In the disk, a similar grating was presented and the subject was able to control its velocity. able pixels; vertical scanning frequency 120 Hz) controlled by a graphic workstation (SiliconGraphics IRIS INDIGO). The intensity parameter had an S-bit resolution. The red phosphor only was used consistently through the experiment for the sake of short persistency. Images for the LE and RE were alternated in successive video frames of the monitor; dichoptic viewing was realized by alternate shuttering (60 Hz) of liquid-crystal stereo goggles (StereoGraphics Corp. CrystalEYES CE-PC) synchronized with the refreshment of the monitor. This technique enables the display of images for both eyes at almost the same location of the monitor. In addition, a reasonably large visual field (subtending 67 x 52 deg) is available, an essential condition for dichoptic viewing around the blind spot (which center is located at about 15 deg eccentricity). The subject's head was stabilized with a chin rest. The viewing distance was 33 cm.
Stimulus
In the adaptation period, either a disk (radius was 1.5 x as large as that of the blind spot) or an annulus (outer and inner radii were 1.5 x and 0.9 x respectively, as large as that of the blind spot) was presented either to the RE or to the LE at the region of the RE blind spot. In the disk or the outer band of the annulus, a red horizontal sinusoidal grating (0.7 c/deg; 99% contrast) drifted vertically (3.54 deg/sec). The background and the inside of the inner circle of the annulus were red of mean luminance (0.93 cd/m*). A white fixation point was provided binocularly through a session. In the test period, a similar sinusoidal grating (0.7 c/deg; 33% contrast) in a disk-shaped region (0.7 x as large as the blind spot) was presented to the LE, well inside the region of the RE blind spot. The velocity of this test grating was adjustable (within the range of f2 deg/sec) by the subject. Table 1 shows the rationale of the experimental conditions. Bold and italic words in each cell in Table 1 illustrate the stimulation (received by the visual system) and resulted perception respectively, in the region of the RE blind spot. Note that when viewed with the RE, the disk and the annulus behave as if identical: there is no stimulation at the blind spot due to the lack of photoreceptors, yet motion is perceived due to filling-in. This feature enables one to draw different predictions from two alternative hypotheses: if filling-in is indifferent to the occurrence of MAE inside the blind spot, only the condition in the upper-left cell will give rise to MAE; if filled-in motion is as effective as real motion to cause MAE, conditions in all cells except for the upper-right one will yield MAE.
Rationale

Procedure
At the start of a session, the extent of the blind spot of the RE was determined approximately by adjusting the center and diameter of a black probe circle presented to the RE only. For the particular purpose of the present study, it is sufficient to approximate the blind spot by a circular shape, although the actual shape would be oval. The subject's task was to move the position and to change the size of the circle so that it should be just invisible yet have the maximal size.
The determination of the blind spot was followed by several trials to obtain the cancellation velocity of MAE. Each trial consisted of three stages: the initial adaptation, the repeated pairs of test and re-adaptation, and the recovery.
In the initial adaptation period (30 set), either the disk or the annulus filled with the drifting grating was presented either at the blind spot of the RE or at the LE counterpart (normal visual field). The subject's task was to keep foveating the fixation point and to observe the drifting grating.
In the next stage, adjustment (1 set) and re-adaptation (5 set) were alternated. In the adjustment period, a grating was presented to the LE only, confined within a circular window well inside the region of the RE blind spot. MAE would be observed in the grating if it were physically stationary. The physical velocity of the grating was adjustable by dragging the computer mouse smoothly back and forth. Thus, what the subject perceived was the sum of the MAE component and the physical motion component. The subject's task in this period was to drift the grating at an appropriate physical velocity so as to "cancel" the MAE (cf. Wright & Johnston, 1985) . The physical velocity at the first adjustment period was chosen randomly from a range of +2 deg/sec, hence the subject was totally blind to the magnitude of MAE: component in the perceived motion from beginning to end. Since MAE is known to deteriorate quickly, an adjustment period was coupled with a following re-adaptation period (5 set). In this period the stimulus was just the same as that in the initial adaptation. Immediately after this readaptation period a next adjustment period came, when the test grating drifted initially at the velocity set at the end of the last adjustment period. The adjustment period followed by a re-adaptation period was repeated as many times as the subject required, until the grating appeared stationary. When the subject was satisfied with his adjustment and pushed a button, the "cancellation velocity" was recorded. The subject's response immediately triggered a change of the display to a dynamic Mondrian-like noise pattern. The subject observed it for 60 set in order to extinguish any residual MAE carried over.
RESULTS
The results were shown in Fig. 2 . The velocity required to cancel MAE was plotted against various viewing conditions (the adapted eye, the shape of the adapting stimulus, and the stimulus location). The upper and lower panels show the author's data and a naive subject's data respectively. The data for another subject which are not shown are very similar. When both the adapting disk and the test stimulus were presented to the same FIGURE 2. The velocity required to cancel MAE was plotted against various viewing conditions. The upper and lower panels were for the author's data and a naive subject's data, respectively. A pair of results for the same eye (LE adaptation followed by LE test; L/L) and for different eyes (RE adaptation followed by LE test; R/L) were obtained for each of stimulus conditions. Each column indicates the mean for eight independent trials, and each error bar indicates the SEM. The level of significant difference from zero (t two-tailed test) was also shown at the top of each column. The abbreviation "n.s." stands for not significant. eye (column a), a strong MAE occurred as expected [t(7) = 17.5 for IM, 14.2 for YK, and 3.47 for IU; all were significant]. When these stimuli were presented dichoptically (column b), to one's surprise, a weaker but considerable amount of MAE were elicited [t(7) = 8.22 for IM, 6.60 for YK, and 4.76 for IU; all were significant], although the visual system received no adapting stimulus inside the tested region (the blind spot of the RE).
Next, it was shown that MAE occurred only when the adapting stimulus was seen to be a filled disk. When the annulus was presented at the LE counterpart of the RE blind spot (column c), there was no filling-in in the adaptation period, and MAE was not significant [t(7) = 0.582 for IM, 1.78 for YK, and 2.35 for IU; none were significant]. When the annulus was presented at the RE blind spot (column d), filling-in of motion occurred, and then considerable MAE was obtained [t(7) = 3.62 for IM, 7.44 for YK, and 6.18 for IU; all were significant].
The MAE elicited interocularly at the region of the RE blind spot was about 25-35% of that elicited intraocularly (see columns a and b). This inter/intraocular ratio was comparable with that obtained using a disk of the same size at the same eccentricity but in a normal (superior) visual field (20-50%; see columns e and f). Hence, the apparent weakness of MAE after the adaptation to filled-in motion is not specific to filled-in motion but fully explainable on the basis of partial interocular transfer of MAE in general (Barlow & Brindley, 1963) .
The annulus presented in the RE superior visual field (column h) did not cause MAE in the LE test [t(7) = 0.73 for IM, 1.80 for YK, and 0.91 for IU; none were significant], indicating that the result shown in column d was the effect specific to filling-in. The condition shown in column g was a replication of the condition shown in column c (the annulus in the normal visual field and the MAE tested in the same eye), in the superior visual field. MAE was not significant for two of the three subjects [t(7) = 0.092 for IM, 1.47 for IU; neither was significant]. The subject YK yielded a small amount of significant MAE [c(7) = 4.611, but in the opposite direction to other MAEs. The reason of this peculiar effect is uncertain, but one possibility could be proposed, based on the idea of "center-surround antagonistic" motion processing units (Murakami & Shimojo, 1993) : adaptation to the rightward-drifting annulus, for example, might desensitize "left-center right-surround" units, leading to a rightward MAE inside the annulus.
DISCUSSION
The present study examined whether MAE occurred after prolonged observation of filled-in motion at the blind spot. It was found that adaptation to filled-in motion did cause MAE well inside the blind spot. This finding suggests that the filled-in motion is processed by the same mechanisms as underlying MAE. Since MAE is usually interpreted to be the result of lower-order processes like those in the area VI, it is very likely that the representation of filling-in of motion is established in retinotopic and elementary stages in the visual system. This notion is consistent with several studies arguing that the mechanism for filling-in is located in (or sends feedback signals to) lower stages (Brown & Thurmond, 1993; Fiorani et al., 1992; Gilbert, 1993) , forming explicit representation in a retinotopic map (Paradiso & Nakayama, 1991; Ramachandran & Gregory, 1991; Ramachandran et al., 1993) .
A neural model has often been proposed as a plausible mechanism underlying MAE (e.g. Mather, 1980) : the adapting stimulus adapts and desensitizes a subset of motion detectors more strongly than others, and this temporary imbalance produces MAE. Since the blind spot encodes no adapting stimulus, such a simple model per se cannot explain the MAE inside the blind spot. One possibility for its underlying mechanism is early preprocessing before motion processing. The luminance profile of a surrounding visual pattern (the sinusoidal grating in the present study) is completed across the blind spot and then the representation of the completed image feeds into a motion processing stage, desensitizing motion detectors there. Another possibility is that filling-in of motion is a result of some cooperative mechanisms in a motion processing stage itself. Motion information flows across the edge of the blind spot (where discontinuity in motion is missing in the visual input) toward the inside of the blind spot, filling it with a uniform motion.
On the contrary, it might be unnecessary or even inadequate to hypothesize a flow of motion information across a number of retinotopic neurons representing the inside of the blind spot. The receptive field size (square root of area) of the area Vl is about 1 deg at 15 deg eccentricity where the blind spot is located (according to Dow, Snyder, Vautin & Bauer, 198 1) . The receptive field size of the area MT at 15 deg is about 10 deg (according to Albright & Desimone, 1987) . That of the area MST is even larger (Tanaka, Hikosaka, Saito, Yukie, Fukada & Iwai, 1986) . Since the separation between the contour of the test region and the border of the blind spot was less than 1 deg (see the scheme in Fig. l) , it is possible for the adapting stimulus to directly activate the neurons corresponding to the test region, in either of these physiological stages related to motion perception. As such, filling-in of motion might be encoded by single neurons without cortical flow of motion information. In this case however, another process is needed to suppress filling-in perception for an annulus in the normal visual field, for neurons with large receptive fields would also respond to that stimulus.
The interocular transfer of MAE seen at the region of the blind spot is related to another interesting issue, namely a significant contribution of binocular processes to the perception at the blind spot. Similar binocular interaction has recently been reported by Tripathy and Levi (1994) . They found that contours presented around the blind spot of one eye dropped the performance of orientation discrimination for a contour presented in the other eye, in the region corresponding to the first eye's blind spot. Furthermore, their estimates of the interactive distance in mm of cortex were comparable to long-range horizontal connections in the area 17 (Gilbert & Wiesel, 1989) . Although it is uncertain whether such connections can be considered as a mechanism underlying filling-in, their finding and the present study suggest that the binocular process underlying the perception at the blind spot may be located in an elementary stage in the visual pathway.
The present finding on filling-in of motion is however, at odds with some studies suggesting that filling-in of line orientation requires higher, global processes (Cumming & Friend, 1980; Kawabata, 1983) . Together with the possibility for concurrent processing streams for several attributes (DeYoe & Van Essen, 1988) , it is reasonable to confine the validity of the present study to the domain of motion perception. Indeed, the visual system may well have several stages, parallel or hierarchical, for the processes of filling-in of various attributes such as color and texture. Nevertheless, further investigation using a similar method will reveal to what extent the present story can be applied to other attributes.
